A method to determine the refractive index and thickness of silver halide emulsions used in holography is presented. The emulsions are in the form of a layer of film deposited on a thick glass plate. The experimental reflectances of p-polarized light are measured as a function of the incident angles, and the values of refractive index, thickness, and extinction coefficient of the emulsion are obtained by using the theoretical equation for reflectance. As examples, five commercial holographic silver halide emulsions are analyzed. The procedure to obtain the measurements and the numerical analysis of the experimental data are simple, and agreement of the calculated reflectances, by use of the thickness and refractive index obtained, with the measured reflectances is satisfactory.
Introduction
Silver halide emulsion is the most popular material for hologram recording because of its relatively high sensitivity, spectral sensitivity matched to a range of lasers, low cost, and easy handling. 1, 2 The emulsions analyzed consist of fine grain silver halide crystals ͑basically, silver bromide͒ suspended in a gelatin and deposited on a thick glass plate. Determination of the refractive index and thickness is one of the first steps in the characterization of a holographic recording material, as well as in certain applications, such as the manufacture of holographic optical elements. The refractive index of pure gelatin is approximately 1.52 to 1.54 for the visible spectrum, and the refractive index of the silver bromide crystals is approximately 2.25, and the refractive index of a typical silver halide emulsion for holographic applications is ϳ1.6. 1 Five commercial silver halide emulsions commonly used in holography have been considered in this paper. Two of them ͑PFG-01 and PFG-03M͒ are manufactured by the Slavich company in Russia. Two of them ͑BB-640 and BB-520͒ were initially manufactured by Holographic Recording Technologies in Germany, even though they are now being manufactured by another company, Colour Holographics, in England. Finally, the fifth emulsion ͑Agfa 8E75 HD͒ was manufactured by the Agfa company in Belgium. Although production of this last emulsion was discontinued at the end of 1997, it was one of the emulsions most frequently used for holographic recording for more than 25 years, and is still an emulsion of reference, mainly for comparing the results obtained by using the new emulsions with those achieved previously with the Agfa plates. The mean silver-halide grain size is about 10 nm for PFG-03M, 20 nm for BB-640 and BB-520, and 40 nm for PFG-01 and Agfa 8E75 HD emulsions. [1] [2] [3] [4] [5] There are several methods for measuring the complex refractive index and thickness of thin films, e.g., angle-of-reflectance versus angle-of-incidence methods or versus the wavelength, 6 -11 ellipsometry, 12, 13 polarization-independent reflectance matching, 14, 15 or heterodyne interferometry. 16 In these methods, the reflectances of s and͞or p polarization at several different angles of incidence, polarization conditions, or phase differences must be measured.
In this paper a simple method for measuring the refractive index and thickness of silver halide emulsions used in holography is proposed. The technique is based on the film resonance method used by Tholl et al. 17 for dichromated gelatin holographic films. However, the method we use has important differences with respect to that of Tholl et al., especially in relation to the analysis of the experimental data and the theoretical fitting. The procedure used here is based on analysis of the interference phenomena in the reflected light produced by the emulsion layer. With p-polarized light, the reflectance at different incident angles is measured and the simultaneous determination of the optical constants and thickness can be achieved by use of a computer program.
Theoretical Analysis
The thin-film structure considered here is shown in Fig. 1 . A single layer of absorbing material with complex refractive index n 2 ϭ n 2 Ϫ ik 2 , where n 2 is the refractive index and k 2 is the extinction coefficient, and thickness d 2 is located between two semiinfinite regions of nonabsorbing materials with refractive indexes n 1 and n 3 , respectively. Region 1 receives the name of incident medium, region 2 is the film, and we call the substrate region 3. A laser beam, linearly polarized parallel to the plane of incidence ͑ p polarization͒, of wavelength in region 1 is incident at an angle 1 on the film. The amplitude reflectance r is given by the following equation 8, 18 :
where r 12 and r 23 are the Fresnel amplitude reflection coefficients of the 1-2 and 2-3 single interfaces, and ␤ is the phase difference between the waves reflected from the first and second surfaces of the film layer, and can be written as
The amplitude reflection coefficients r 12 
where u 2 and v 2 are real. Using Snell's law we obtain:
Substituting Eqs. ͑5͒ and ͑6͒ in Eqs. ͑2͒, ͑3͒, and ͑4͒ gives us r 12 , r 23 , and ␤ as a function of the incident angle 1 , the refractive indexes n 1 , n 2 , and n 3 , extinction coefficient k 2 , thickness d 2 , and wavelength :
where
From Eqs. ͑7͒-͑11͒ we can see that r 12 and r 23 , and obviously r, vary with the angle of incidence 1 .
The reflectance R can be obtained from Eq. ͑1͒ as
and substituting Eqs. ͑7͒, ͑8͒, and ͑9͒ in Eq. ͑1͒, and using Eq. ͑12͒ we obtain R as the following function:
We suppose that the wavelength and refractive indexes n 1 and n 3 of the incident medium and the substrate, respectively, are known. On the other hand, we experimentally measure the reflectance R as a function of the incident angle 1 . Then there are three unknown parameters, the refractive index n 2 , extinction coefficient k 2 and thickness d 2 of the layer. We obtain these parameters by comparing the experimentally measured reflectances R exp ͑ 1j ͒, where j ϭ 1, 2, . . . , J, and J is the number of angles of incidence in medium 1, with the calculated reflectances R͑n 2 , k 2 , d 2 , 1j ͒. We obtain the values of the optical constants n 2 and k 2 for the wavelength and thickness d 2 for which the sum of the root mean square 2 is minimum, where 2 is given by the following equation:
When the thin film is a weakly absorbing medium, such as a silver halide emulsion, then k 2 Ͻ Ͻ n 2 , and from Eqs. ͑1͒ and ͑12͒, it is easy to see that reflectance R practically oscillates around the reflectance R 12 owing to the light reflected by the 1-2 interface. Taking into account that k 2 Ͻ Ͻ n 2 , and Eqs. ͑7͒ and ͑10͒, we can calculate R 12 approximately as follows: Figure 2 shows the reflectances R and R 12 evaluated using Eqs. ͑12͒ and ͑15͒, respectively, as a function of 1 for a situation in which k 2 Ͻ Ͻ n 2 . For computation we have considered the parameters n 1 ϭ 1 ͑air͒, n 3 ϭ 1.52 ͑glass͒, ϭ 633 nm, and for thin film the parameters of a typical photographic emulsion 1 : n 2 ϭ 1.63, k 2 ϭ 0.0035, and d 2 ϭ 6 m. In Fig. 3 we have plotted the difference between R and R 12 as a function of 1 for the same numerical example.
As can be seen from Figs. 2 and 3, R practically oscillates around R 12 . For this reason, and to minimize Eq. ͑14͒, first we determine an approximate value of the refractive index n 2 by fitting the reflectivity R 12 ͓given by Eq. ͑15͔͒ to the experimental data. Then a computer program immediately uses this value to begin the minimization process of 2 to obtain the optical constants n 2 and k 2 for and the thickness d 2 of the layer under analysis.
Experimental Procedure
To obtain the values of reflectivity as a function of the incident angle, the experimental setup shown in Figure 4 was considered. The light from a He-Ne laser is divided into two by means of a beam splitter. One of the beams impinges on the photographic plate, whereas the other beam impinges on an optical power meter, F1, to record information about the fluctuations in the laser power during the measurements. A mirror is mounted on the photographic plate perpendicular to it. In this way, the direction of the beam reflected by the set formed by the plate and the mirror is parallel to the incident beam direction. Therefore the direction of the reflected beam is independent of the angle formed by the incident beam with the normal to the plate. The light intensity reflected by the holographic plate͞mirror system was measured by means of an optical power meter, F2, placed in the focal plane of a collimating lens. Both F1 and F2 were picowatt digital optical power meters with low power silicon detectors. The plate was mounted on a high-precision motorized rotation stage that was controlled electronically using a point-to-point motion controller connected to a personal computer across an IEEE-488 interface. The rotating device had an angular resolution of 0.001°. The plate was illuminated with a beam polarized parallel to the plane of incidence from an He-Ne laser polarized perpendicular to the plane of incidence. To obtain a laser beam polarized parallel to the incident plane, the laser beam first went through a half-wave plate whose slow axis formed an angle of 45°with the polarization direction of the laser beam. Afterwards, the beam went through a laser line polarizing cube beam-splitter from Newport for the wavelength 632.8 nm. The p-polarized light was transmitted, while the s-polarized light was reflected. Its extinction ratio was less than 10
Ϫ3
. This cube beam splitter was manufactured from BK7, grade A, fine annealed optical glass and was placed and positioned on a prism table. The reflected intensity was measured varying the angle of incidence between 25°and 55°at intervals of 0.25°.
To efficiently eliminate the back-reflected light produced at the glass-air interface at the rear side of the holographic plate a black self-adhesive poly vinyl chloride ͑PVC͒ masking tape was stuck onto the back surface of the plane parallel glass plate ͑Fig. 5͒. 19 The losses of the different optical components of the measurement system were taken into account in the data analysis. However, as in Ref. 17 , instead of measuring the losses for each optical component as a function of the incident angle, the experimental setup was calibrated with a parallel glass window. This parallel window had a clear aperture 50.8 mm in diameter and 10 mm thick, with a wave-front distortion less than ͞10 at 632.8 nm over the clear aperture. The glass window was manufactured by Newport from BK7, grade A, fine annealed optical glass with a refractive index of n ϭ 1.5151 at a wavelength of 632.8 nm. To calibrate the system the parallel window was placed at the same place on the holographic plate, and the reflected light was measured by varying the angle of incidence, 1 , between 25°and 55°at intervals of 0.25°. To eliminate the reflection produced at the air-glass and glass-air interfaces, black self-adhesive PVC masking tape was stuck onto the parallel glass plate as can be seen in Fig. 6 . In this way, light is only reflected at the first air-glass interface of the plate. Therefore it is possible to consider only a single beam reflected by the air-glass interface with a refractive index of 1.5151, and the following theoretical equation for reflectivity can be used:
where r ag is the Fresnel amplitude reflection coefficient of the single air-glass interface. RЈ was calculated, as a function of the angle of incidence 1 , as the quotient of the reflected light, I r , impinging onto the optical power meter F2, and the incident light, I i , impinging onto the optical power meter F1:
The ratio between the theoretical reflectivity for the BK7 glass plate, R BK7 , and the experimentally measured reflectivity, R BK7 Ј, gives the calibration factor for the incident angle, 1 :
To obtain the experimental reflectances, R exp ͑ 1 ͒, for each angle of incidence, the values of the reflectance, RЈ͑ 1 ͒, obtained for each holographic plate are multiplied by the factor f ͑ 1 ͒:
The fitting of the theoretical reflectivity ͓Eq. ͑13͔͒ to the experimental data ͑with J ϭ 121 measurements of the incident angle 1 ͒ of the reflectance for the analyzed holographic plates is carried out, as explained before, minimizing the quantity 2 ͓Eq. ͑14͔͒, which we write as
where R exp, j ϭ R exp ͑ j ͒ and R j ϭ R͑n 2 , k 2 , d 2 , 1j ͒ is of the calculated reflectance.
To carry out the fitting of the theoretical reflectivi- Fig. 5 . Experimental procedure used to eliminate the backreflected light produced at the glass-air interface at the rear side of the holographic plates. Fig. 6 . Experimental procedure to eliminate the reflection produced at the glass-air interface of the parallel glass window.
ties to the experimental data, it is necessary to know the refractive index n 3 of the glass substrate, assuming that k 3 ϭ 0 ͑for glass substrates the extinction coefficient takes values of less than 1.6 ϫ 10 Ϫ6 between 400 nm and 700 nm 20 ͒. We took a plate of each of the different emulsions, Agfa, BB and PFG, ensured that the emulsions were completely removed, and the glass plates were immersed in a chromic mixture solution for 24 h. The plates were then rinsed in running water and dried. Afterwards, black self-adhesive PVC masking tape was stuck on the glass plates, and we measure the reflectance for a plane wave with its electric vector parallel to the plane of incidence. A least square fit was made to fit the theoretical function R 12 of Eq. ͑15͒ to the experimental data ͑once these had been corrected taking into account the calibration f of the measuring system͒ considering that now n 1 ϭ 1 ͑air͒ and n 2 is the refractive index of the glass substrate, and we obtain the refractive indexes of the glass substrates for Agfa, BB, and PFG plates by minimizing Eq. ͑20͒. The values obtained for the refractive indexes of the glass substrates were 1.5152 Ϯ 0.0012, 1.5148 Ϯ 0.0011, and 1.5067 Ϯ 0.0010, for Agfa, BB, and PFG plates, respectively.
Experimental Results
As we pointed out in Section 1, five red silver halide emulsions used in holography were studied: PFG-01, PFG-03M, BB-640, BB-520, and Agfa 8E75 HD. Figures 9 through 11 show the reflectivity as a function of the angle of incidence for the holographic plates considered. The dots correspond to the experimental data, and the continuous lines correspond to the reflectances calculated with the values obtained of the refractive index, extinction coefficient, and thickness of the film. Comparing the experimentally measured reflectances with the calculated curves, we can see that the agreement is satisfactory. Table 1 shows the results obtained for the refractive index, extinction coefficient, and thickness of the five emulsions analyzed, together with the corresponding value of 2 . As can be seen, 2 varies from 3.24 ϫ 10 Ϫ10 to 11.89 ϫ 10
Ϫ10
, which means that varies from 0.000018 to 0.000034. These last values should be the average difference between the exper- Fig. 7 . Measured ͑open circles͒ and calculated ͑continuous wave͒ reflectances for PFG-01 emulsion while varying the angle of incidence from 25°to 55°. Light polarized parallel to the plane of incidence. Fig. 8 . Measured ͑open circles͒ and calculated ͑continuous wave͒ reflectances for PFG-03M emulsion while varying the angle of incidence from 25°to 55°. Light polarized parallel to the plane of incidence. Fig. 9 . Measured ͑open circles͒ and calculated ͑continuous wave͒ reflectances for BB-640 emulsion while varying the angle of incidence from 25°to 55°. Light polarized parallel to the plane of incidence. Fig. 10 . Measured ͑open circles͒ and calculated ͑continuous wave͒ reflectances for BB-520 emulsion while varying the angle of incidence from 25°to 55°. Light polarized parallel to the plane of incidence.
imental reflectances and those calculated theoretically from the fitting parameters. It was found that when carrying out the theoretical fittings, the values of n 2 and d 2 obtained did not change appreciably, although a value of n 3 ϭ 1.51 was taken in each case for the refractive index of the glass substrate. This fact indicates that it is not necessary to have a precise knowledge of n 3 to determine n 2 and d 2 . Nevertheless, to determine k 2 with a certain precision it is necessary to have a precise value of n 3 .
Conclusions
A method that enables us to obtain the refractive index, extinction coefficient, and thickness of silver halide emulsions used in holography has been developed. The agreement of the reflectances calculated by use of the optical constants and thickness obtained by this method with the measured reflectances is satisfactory and confirms the applicability of the method to holographic plates. This study of reflectance demonstrates that the procedure for elimination of the reflections that occur at the glass-air interface of holographic plates gives rise to optimum results and has the advantage that its practical application is straightforward compared to other methods involving the use of matching liquids-which are often dangerous or toxic-and a prism attached to the substrate. 17 The technique has several merits, such as the use of a simple optical setup, easy operation, and high accuracy of measurement. The method is applicable to other holographic recording materials, such as photopolymers, dichromated gelatins, or photoresists, provided these materials are deposited on glass and the thickness of the layer is not very great. Fig. 11 . Measured ͑open circles͒ and calculated ͑continuous wave͒ reflectances for Agfa 8E75 HD emulsion while varying the angle of incidence from 25°to 55°. Light polarized parallel to the plane of incidence. 
